Persons with amblyopia, especially those with strabismus, are known to exhibit abnormal fixational eye movements. In this paper, we compared six characteristics of fixational eye movements among normal control eyes (n = 16), the non-amblyopic fellow eyes and the amblyopic eyes of anisometropic (n = 14) and strabismic amblyopes (n = 14). These characteristics include the frequency, magnitude of landing errors, amplitude and speed of microsaccades, and the amplitude and speed of slow drifts. Fixational eye movements were recorded using retinal imaging while observers monocularly fixated a 1°cross. Eye position data were recovered using a cross-correlation procedure. We found that in general, the characteristics of fixational eye movements are not significantly different between the fellow eyes of amblyopes and controls, and that the strabismic amblyopic eyes are always different from the other groups. Next, we determined the primary factors that limit fixation stability and visual acuity in amblyopic eyes by examining the relative importance of the different oculomotor characteristics, adding acuity (for fixation stability) or fixation stability (for acuity), and the type of amblyopia, as predictive factors in a multiple linear regression model. We show for the first time that the error magnitude of microsaccades, acuity, amplitude and frequency of microsaccades are primary factors limiting fixation stability; while the error magnitude, fixation stability, amplitude of drifts and amplitude of microsaccades are the primary factors limiting acuity. A mediation analysis showed that the effects of error magnitude and amplitude of microsaccades on acuity could be explained, at least in part, by their effects on fixation stability.
Introduction
Amblyopia is a developmental abnormality resulting from physiological alternations in the visual cortex that impairs form vision (Ciuffreda, Levi, & Selenow, 1991) . It affects 2-4% of the population, and is usually associated with anisometropia, strabismus, or both conditions concurrently. Besides impaired form vision, amblyopia, especially when it is associated with strabismus, is often accompanied by oculomotor anomalies that include eccentric and unsteady fixation (Schor & Hallmark, 1978; Zhang et al., 2008) , low pursuit gain (Bedell, Yap, & Flom, 1990; Schor, 1975) and abnormal saccadic eye movements (reduced saccadic amplitudes, increased saccadic latencies and increased number of corrective saccades: Ciuffreda, Kenyon, & Stark, 1978; Schor, 1975) . In this study, our focus is on fixational eye movements.
For people with normal vision and normal oculomotor control, their eyes are constantly in motion even when they attempt to maintain stable fixation on a visual target. These involuntary eye movements during fixation comprise of tremors, slow drifts and microsaccades. Tremors are high-frequency oscillatory motion of the eye and are difficult to measure with most of the conventional eye movement measuring devices. However, tremors are generally considered to serve no functional purpose. Slow drifts are slow movements of the eyes, usually with an amplitude <10 arc min (e.g. Ditchburn & Ginsborg, 1953; Krauskopf, Cornsweet, & Riggs, 1960; Nachmias, 1961; Ratliff & Riggs, 1950; Steinman et al., 1975) . Microsaccades are miniature saccades, or the fast eye movements that are interspersed among the slow drifts. They usually occur between 0.5 and 3 per second, with an amplitude <30 arc min (e.g. Cherici et al., 2012; Ditchburn & Ginsborg, 1953; Ratliff & Riggs, 1950; Sansbury et al., 1973; Steinman et al., 1975) .
For people with amblyopia, it is well known that the speed of slow drifts is higher than in normal eyes (Bedell, Yap, & Flom, 1990; Ciuffreda, Kenyon, & Stark, 1979; Schor & Hallmark, 1978) and that the amplitude of slow drifts is also larger (Ciuffreda, Kenyon, & Stark, 1979; Schor & Hallmark, 1978) . As for microsaccades, Ciuffreda et al. (who referred to them as saccadic intrusions) reported a frequency of occurrence of $1 per second (range: 0.3-2 per second), with an increased frequency and amplitude when the amblyopic eye monocularly fixates a visual target. Schor and Hallmark (1978) and Schor and Flom (1975) also reported similar ranges of frequency of microsaccades, which too, were higher than the values observed in normal controls. In contrast, a recent study reported no difference in the frequency or the amplitude of microsaccades among amblyopic and the non-amblyopic fellow eyes of amblyopes and normal control eyes (González et al., 2012) . However, these studies examining the characteristics of fixational eye movements span several decades and used different techniques and devices (with different precision and resolution capabilities) for measuring fixational eye movements, thus it is unclear how comparable the findings are across different studies. Therefore, the first goal of this study was to use a novel method of measuring eye movements, viz., retinal imaging, combined with a cross-correlation technique (Kumar & Chung, 2014; Stevenson & Roorda, 2005) to evaluate the various characteristics of fixational eye movements in amblyopic observers.
A characteristic of fixational eye movements that is not captured by the properties of slow drifts and microsaccades is the variability of eye positions during fixation, or, the fixation stability. It has long been documented that amblyopic eyes have poor fixation stability (Schor & Hallmark, 1978; Zhang et al., 2008) . However, to date, it is unclear what factors limit fixation stability in amblyopic eyes. González et al. (2012) claimed that the fixation instability in amblyopic eyes is due to slow drifts, as they found no difference in terms of the frequency and amplitude of microsaccades between their amblyopic and control groups. However, our recent work examining the relationship between fixation stability and fixational eye movements in people with macular disease suggests that the amplitude of microsaccades is the primary contributor to fixation instability (Kumar & Chung, 2014) . Therefore, it is conceivable that fixation stability in persons with amblyopia is limited by the amplitude of microsaccades, just as in people with macular disease. As the second goal of this study, we sought to determine the primary factors that limit fixation stability in amblyopic eyes. This information is important if fixation stability is found to limit functional vision (see below). In this case, an effective treatment protocol to improve functional vision in amblyopic eyes should target the specific oculomotor components that are the major factors limiting fixation stability.
Form vision is impaired in the amblyopic eyes. Given that fixational eye movements are abnormal in amblyopic eyes, a logical question is whether the abnormal fixational eye movements limit form vision in persons with amblyopia. Many aspects of vision in the amblyopic eyes are reported to be affected by fixational eye movements, including but are not limited to: positional acuity (Demanins & Hess, 1996; Hess & Holliday, 1992; Levi & Klein, 1982; 1983; , displacement thresholds (Levi, Klein, & Aitsebaomo, 1984) , contour integration (Hess & Demanins, 1998; Levi et al., 2007) , and crowding (Bonneh, Sagi, & Polat, 2007; Flom, Weymouth, & Kahneman, 1963; Hess & Jacobs, 1979; Levi & Klein, 1985; Song, Levi, & Pelli, 2014) . However, since reduced visual acuity is the sine qua non of amblyopia, we were most interested in examining which characteristic(s) of fixational eye movements (if any) is the primary factor limiting acuity in persons with amblyopia. In addition, we were interested to determine whether there exists a positive correlation between visual acuity and fixation stability. Such a correlation is observed in people with macular disease (Reinhard et al., 2007; Tarita-Nistor et al., 2011) , and there are some recent attempts to test whether such a relationship also exists in amblyopic eyes, with inconsistent results. On one hand, based on the results of 13 adult amblyopes (strabismic [n = 5], anisometropic [n = 4] and mixed [n = 4]), González et al. (2012) concluded: ''For the amblyopia group, visual acuity and fixation stability did not exhibit significant correlations.'' (p. 5391). On the other hand, Subramanian, Jost, and Birch (2013) obtained measurements from a large sample of children with amblyopia and found a significant positive correlation between visual acuity and fixation stability when data were considered for all groups together. The correlation was the strongest for the strabismic amblyopia group (p = 0.002, n = 7), followed by the mixed amblyopia group (p = 0.04, n = 24), but was not significant for the anisometropic amblyopia group (p = 0.26, n = 20). The question of whether a positive correlation exists between visual acuity and fixation stability is important because if such a correlation really exists, then treatment for amblyopia may benefit from procedures aimed at improving fixation stability. We note that correlation does not imply causation, and that several previous studies have addressed the role of fixational eye movements in limiting acuity (Ciuffreda, Kenyon, & Stark, 1979; Hess, 1977; Schor & Flom, 1975) in a handful of amblyopic observers. The third goal of the study was to determine the oculomotor parameters (including fixation stability) that are the primary factors limiting visual acuity. To achieve this goal, we used robust statistical tools that go beyond simple correlational measurements.
Methods
Forty-four adults participated in this study. Twenty-eight of them had amblyopia, defined as a difference in the best-corrected visual acuity between the two eyes of P0.2 logMAR (the logarithm of the minimum angle of resolution) and that the better-seeing eye (the fellow eye) had an acuity of at least 0.0 logMAR (equivalent to 20/20 Snellen acuity) or better. The other 16 were control observers with normal vision (acuity in each eye at least 0.0 logMAR and normal stereoacuity). Among the 28 observers with amblyopia, 14 had amblyopia due to anisometropia (defined as a difference in refractive corrections of >0.75D spherical equivalent) with no strabismus; and 14 had amblyopia due to strabismus (four of them also had anisometropia), as revealed using the standard cover test procedure. Details of the observers' characteristics are given in Table 1 . All observers gave written informed consent before the commencement of data collection. This research followed the tenets of the Declaration of Helsinki and was approved by the Committee for Protection of Human Subjects at the University of California, Berkeley.
We elicited fixational eye movements by asking observers to maintain steady fixation on the center of a highly visible 1°cross, presented in the primary gaze of the observers, using a scanning laser ophthalmoscope (SLO, Rodenstock, Germany). The SLO, with a field of view of 32°by 24°, uses laser beams (a red Helium-Neon [632 nm] and a near-infrared wavelength that is invisible to human eyes) to present stimuli and to image the retina simultaneously, thus the fixation cross appears as a high-contrast red cross on a dimmer background. Observers were instructed to look at the center of the fixation cross while keeping the eye as still as possible, for a duration of 30 s. Although both eyes of observers remained open throughout testing, only the tested eye could see the fixation cross. Regardless of which eye was the amblyopic eye, we adhered to the same testing order. We first tested the right eye for 10 s as a practice trial (data of which were excluded for analysis). Then we began the actual data acquisition according to the following order: right eye, left eye, left eye, right eye, right eye and left eye, such that three 30-s trials were obtained from each eye. Retinal images were captured continuously at 30 Hz for the duration of each trial using a frame grabber (Meteor-II PCI Frame Grabber, Matrox Electronic Systems Ltd., Canada) interfaced with a TV-One CORIO scan converter (CS-450 Eclipse, Erlanger, KY). Software for generating and presenting the fixation cross, and controlling the flow of the experiment was custom-written in MATLAB 7.3 (The MathWorks, MA), under the control of a ViSaGe system (Cambridge Research Systems, Rochester, U.K.).
Recovery of eye position from video files
Eye positions as a function of time were recovered from the recorded videos using a cross-correlation procedure (Stevenson & Roorda, 2005 ) that was modified and described in detail in Kumar and Chung (2014) . A characteristic of scanned raster images is that each full-frame image is scanned line by line, each at a different time than the others. Within a scan line, it is reasonable to assume that there is very little eye motion. Consequently, if we can determine the relative shift of each scan line (with respect to a reference image) within a video frame, we can sample eye position at a rate much higher than 30 Hz. For practical reasons, we determined the relative shifts of strips of scan lines (15 scan lines, corresponding to 0.75°, per strip) that provided more features for cross correlation than single scan lines. Each strip contained high-contrast features of part of the optic nerve head and/ or retinal blood vessels, facilitating a robust cross-correlation procedure.
To perform the cross-correlation, for each trial, a high-fidelity reference image was first constructed by combining (using a cross-correlation procedure) between 20 and 40 video frames (out of a total of 900 frames) that had good image quality. For the purpose of comparing the characteristics of fixational eye movements, we only examined the eye movements during the first 10 s of each video. Each video frame of this 10-s epoch was then divided into 18 strips, effectively allowing us to sample eye movements at a rate of 540 Hz (Kumar & Chung, 2014) . We cross-correlated each of strip number 1-14 with the reference image to determine the relative shifts in position (both horizontal and vertical) of that strip. Strips 15-18 were not used for analysis because they were ''scanned'' during the scanner fly back. Fig. 1 presents the horizontal and vertical eye position traces for a 10-s epoch from two observers, one with anisometropic amblyopia (top) and the other with strabismic amblyopia (bottom).
Identifying microsaccades and slow drifts
The resolution of the SLO is not high enough to accurately record tremors, therefore, we only examined microsaccades and slow drifts in this study. From the eye position traces recovered for each trial, we first removed the occurrences of blinks from analysis. We defined an onset[offset] of a blink as a rapid decrease [increase] in mean pixel luminance between two successive frames. All the frames within the range of two frames before the onset of a blink and two frames after the offset of the blink were removed from analysis. Next, we identified the occurrences of microsaccades. Eye movements occurring between each pair of microsaccades were then defined as slow drifts. To reduce the effect of noise on microsaccade detection, the eye position traces were smoothed with a 5-sample moving average filter prior to microsaccade identification. The smoothed traces were only used for identifying the occurrences of microsaccades, all subsequent analyses were performed using the raw (without smoothing) traces.
For a sequence of eye-position samples to qualify as a microsaccade, the following three criteria must be met: (1) the eye moved in the same direction for at least three consecutive samples; (2) the inter-sample speed between two consecutive samples was at least 8 deg/s; and (3) the inter-sample speed either was the same as, or higher than the value for the preceding pair of consecutive samples. The first sample of this sequence of eye-position samples was defined as the starting point of the microsaccade. The end point of this microsaccade referred to the first sample of this sequence of eye positions when the inter-sample speed was slower than 8 deg/s. The amplitude of a microsaccade refers to the shortest distance between the starting and the end points of the twodimensional vector, while the speed of the microsaccade refers to the absolute value of the vector.
Although we defined the eye movements between a pair of microsaccades as a slow drift, the analysis of the characteristics of slow drifts excluded the first five eye-position samples immediately following the end point of one microsaccade and the five eye-position samples immediately before the starting point of the subsequent microsaccade. The amplitude of a slow drift refers to the shortest distance between the starting and the end points, while the speed refers to the average inter-sample speed of all the samples comprising the slow drift segment.
In this paper, each value reported for a characteristic of fixational eye movements for an observer represents the value averaged across all the occurrences of that characteristic within the 10-s epoch of each trial, and across multiple trials of the same observer (same eye for the amblyopic observers). Since we used an averaged value to represent a characteristic for a given observer, any potential relationship between two characteristics (e.g., amplitude and speed of microsaccades, which follow a linear main sequence relationship) is minimized by the individual variability across observers.
Quantifying fixation stability
Different methods have been used to quantify fixation stability. The most conventional method is to calculate the area of a bivariate contour ellipse (BCEA: Steinman, 1965; Timberlake et al., 2005) that includes a specified proportion of eye positions in the distribution. This method assumes a normal distribution of eye positions during fixation, an assumption that is usually violated (Castet & Crossland, 2012; Cherici et al., 2012; Kumar & Chung, 2014) . Alternative methods to quantify fixation stability without assuming a normal distribution of eye positions include counting the number of ''pixels'' upon which the eye fixates and then summing all the pixels that yield a specified proportion (for example, 68%) of eye positions (Whittaker, Budd, & Cummings, 1988 ). An improved method is to estimate the probability density function corresponding to eye positions during fixation, and then calculate the area yielding a specified proportion of fixations (Castet & Crossland, 2012; Cherici et al., 2012; Kumar & Chung, 2014) . In a previous study, we compared fixation stability quantified using the BCEA method and the probability density function method for a group of people with normal vision and a group of observers with macular disorders, and found that the estimates based on the two methods are highly correlated (r = 0.99) and in excellent agreement with one another (based on a Bland-Altman plot: Bland & Altman, 1986) , although the BCEA estimate is larger than the probability density function method by a constant amount (0.138 log deg 2 ).
Given the excellent correlation between the two methods, in this study, we only quantified fixation stability using BCEA, in order to facilitate comparison with previous work. For each trial, we fit a bivariate contour ellipse to the eye position data over a 10-s epoch.
where v 2 is the Chi-squared value corresponding to a probability of 0.68 (one standard deviation of the distribution), r x and r y refer to the standard deviations in the horizontal (x) and vertical (y) directions, and q is the correlation coefficient between x and y.
Analyses
To address our first goal of evaluating the various characteristics of fixational eye movements in amblyopic observers, we first compared six characteristics of microsaccades and slow drifts: frequency of microsaccades, error magnitude of microsaccades (distance between the landing position of a microsaccade and the mean retinal location upon which the fixation cross fell [the preferred retinal locus, PRL]), amplitudes of microsaccades and slow drifts, and speeds of microsaccades and slow drifts, across five groups: control, anisometropic fellow eyes (aniso FE), anisometropic amblyopic eyes (aniso AE), strabismic fellow eyes (strab FE) and strabismic amblyopic eyes (strab AE). In addition, we also compared fixation stability across these groups. For each characteristic of fixational eye movements, we used box plots to summarize the distributions of the values for each group. Then we used the Kruskal-Wallis test to test for differences among the different groups. Post-hoc pairwise comparisons using Wilcoxon Rank Sum test were performed when the Kruskal-Wallis test revealed a difference among the groups. All permutations of pairwise comparisons among the five groups were performed, except for the comparisons between the anisometropic fellow eyes (aniso FE) and the strabismic amblyopic eyes (strab AE), and between the anisometropic amblyopic eyes (aniso AE) and the strabismic fellow eyes (strab FE), because there is no a priori rationale to compare these pairs.
For our second and third goals, analyses were performed only on the amblyopic eyes, using multiple regression analysis combined with the relative importance package (''relaimpo'' in R (Grömping, 2006) ), to identify and rank the primary predictors of fixation stability and acuity. All statistical analyses reported in this paper were performed using the R software (R Development Core Team, 2014), which is free to the public. Fig. 2 shows the box-plots comparing the six characteristics across the five groups: control, aniso FE, aniso AE, strab FE and strab AE. These six characteristics are the frequency and error magnitude of microsaccades, amplitude of microsaccades and slow drifts, and speed of microsaccades and slow drifts. Table 2 summarizes the group medians (ranges given within parentheses), Kruskal-Wallis Chi-square values, p-values and post-hoc pairwise comparisons using the Wilcoxon Rank Sum test. With the exception of the speed of slow drifts, Kruskal-Wallis test showed that the values of the other five characteristics of interest are different across the five groups. Post-hoc pairwise comparisons using the Wilcoxon Rank Sum test performed on these five characteristics of interest revealed that the differences among the five groups are generally due to the strab AE being different from the control group, the aniso AE and/or the strab FE. Clearly, the exact pairs that show differences are different for the five characteristics of interest, but there are a few consistent patterns in the results: (1) there is very little difference between the non-amblyopic eyes of the amblyopic observers (aniso FE and strab FE) and the control eyes; (2) the amblyopic eyes of strabismic amblyopes (strab AE) always show differences when compared with the control, or the aniso AE or the strab FE; and (3) the amblyopic eyes of anisometropic amblyopes (aniso AE) do not show as much difference when compared with the other groups as the strab AE.
Results

Comparison of the characteristics of microsaccades and slow drifts
Fixation stability
Fixation stability, quantified by the BCEA, is compared across the five groups in Fig. 3 . The statistical tests were performed on the log-transformed values of the BCEA. Kruskal-Wallis Chisquared test showed that fixation stability varied across the five groups (see Table 2 for details). Post-hoc pairwise comparisons revealed that the differences are primarily due to the BCEA being larger in strab AE than in control eyes, aniso AE and strab FE. There is also a difference between the two eyes (AE vs. FE) of anisometropic amblyopes. Note that with the exception of a few outliers, the values of BCEA for the control group, the non-amblyopic eyes of amblyopic observers (aniso FE and strab FE) and the aniso AE are all highly comparable with the values reported for people with intact fovea and normal vision (0.022-0.36 deg 2 : Crossland & Rubin, 2002; Rohrschneider et al., 1995; Steinman et al., 1975) . Even the BCEA for many of the strab AE fell within the reported range for normal eyes. Now that we have established that fixation stability is compromised in the amblyopic eyes, we can ask which characteristics of the fixational eye movements are the primary factors accounting for the fixation instability? To answer this question, we determined the ''relative importance'' of the contributions of different characteristics of fixational eye movements in explaining the variance of log BCEA in a multiple regression model. Because it is often assumed that people with better acuity also have better fixation stability, we included visual acuity (in logMAR units) as another predictor in the model. We were also interested in whether the type of amblyopia-anisometropic or strabismic-was a predictor for fixation stability, therefore, the type of amblyopia was included as a predictor in the model as well (anisometropic = 0; strabismic = 1). The analysis was accomplished using the relaimpo (relative importance) package in R (Grömping, 2006) , and was performed only on the data of the amblyopic eyes (aniso AE and strab AE). The determination of the relative importance of the different characteristics of fixational eye movements (regressors in the model) using the relaimpo package is superior to other methods in identifying the important predictors in a model because it takes into account that predictors in a model are often correlated with one another, so that the total variance of the model accounted for by the predictors is not simply the sum of the proportion of variance accounted for by each individual regressor (from univariate regression). Instead, the relaimpo package considers the direct contribution (from univariate regression) and the indirect contribution (the additional contribution after other regressors are added to the model) of a regressor (Grömping, 2006) . Before performing the relaimpo analysis, we used the Shapiro-Wilk test (Shapiro & Wilk, 1965) to test for normality of the six characteristics of fixational eye movements. The amplitude of microsaccades, amplitude of slow drifts and error magnitude of microsaccades failed the test. However, the log-transformed values of these data followed a normal distribution; as such, the log-transformed values of these three characteristics were used for subsequent data analyses.
Results of the relaimpo analysis are shown in the left panel of Fig. 4 where the relative importance of the predictors is ordered according to the lmg metric (Lindeman, Merenda, & Gold, 1980 
Visual acuity
The third question of this study was to determine the predictive factors for visual acuity in the amblyopic eyes. Similar to our analysis for fixation stability, we used the relaimpo package in R to determine the relative contribution of the different predictive factors, including the different characteristics of fixational eye movements, log BCEA and the type of amblyopia. The right panel of Fig. 4 .85%]) would be considered as ''important'' in predicting visual acuity in amblyopic eyes. Together, these four predictors account for 52.56% (absolute, not relative) of the variance of acuity. Fig. 5 provides an overview of the pairwise comparisons among the important factors (based on our criterion that the relative contribution of the factor has to exceed 10% of explained variance of either fixation stability or visual acuity) that limit fixation stability and/or visual acuity. The correlation coefficients of each pair of variables are given in the lower-left half of the figure. Clearly, the correlation coefficient is significant when a factor (e.g. amplitude of microsaccade) is an important limitation on a measurement (in this case, either fixation stability or acuity).
Discussion
We examined the various characteristics of fixational eye movements in observers with anisometropic and/or strabismic amblyopia. We first compared these characteristics among normal control eyes (from observers with normal visual acuity and normal binocular vision), the non-amblyopic fellow eyes and the amblyopic eyes of observers with anisometropia or strabismus. With these characteristics of fixational eye movements, we then determined the primary factors limiting fixation stability and visual acuity in the amblyopic eyes.
We found that in general, there is very little difference between the non-amblyopic eyes of the amblyopic observers (aniso FE and strab FE) and the normal control eyes, implying that the oculomotor control in amblyopic observers could be as good as that in observers with normal vision. It is widely known that visual acuity is not significantly different between the non-amblyopic fellow 475-3.355) eyes and normal control eyes (McKee, Levi, & Movshon, 2003) . Here, we provide evidence that fixational eye movement control is also not different between the non-amblyopic fellow eyes and normal control eyes. Note, however, that compared with normal controls, non-amblyopic fellow eyes have been shown to exhibit, for example, poorer contrast sensitivity at high spatial frequencies (Kelly et al., 1997) , reduced Vernier acuity (Levi & Klein, 1985) , more spatial uncertainty and distortion (Bedell, Flom, & Barbeito, 1985) , deficits in global motion processing (Giaschi et al., 1992; Ho et al., 2005; Simmers et al., 2003) and more spatial interference from nearby objects (Levi & Klein, 1985) .
Considering that we used a novel technique (retinal imaging) to measure eye movements, how do our obtained values compare with those in the literature when more conventional eye movement measuring devices were used? In general, the values compare quite well. We found that the frequency of microsaccade is $0.6 to 5 per second (for the fellow eyes and amblyopic eyes). The low end of the range matches well with published values while the high end is $2Â higher (Schor and Hallmark (1978) : 0.6-2.3 per second; Ciuffreda, Kenyon, and Stark (1979) : 0.3-2 per second). We suspect the much higher end of the range in our study is due to the fact that we did not use a bite bar to stabilize observers' head motion, as was used in previous studies. The amplitude of microsaccades is the characteristic that compares most favorably with published values. Our range of values is about 5-50 arc min in the amblyopic eyes, compared with 20-50 arc min in Schor and Hallmark (1978) and 40-200 arc min in Schor and Flom (1975) . In the fellow eyes, our range, approximately 2-20 arc min, compares favorably with 5-25 arc min in Schor and Hallmark (1978) . Considering individual variability among amblyopic observers, these values are remarkably similar.
As for slow drifts, Stark (1979, 1980 ) reported that drifts are not different in the fellow eyes and normal control eyes, but there is an increase in the drift amplitude and/or speed in the amblyopic eyes. On the contrary, Schor and Flom (1975) reported that drifts are similar in amplitude, duration, speed and direction between the amblyopic eyes and normal control eyes. In this study, despite drift amplitude not being different between fellow eyes and control eyes, it is higher in amblyopic eyes (range: $4-38 arc min) than in the fellow eyes (range: $4-16 arc min), consistent with the values reported by Stark (1979, 1980 : maximum drift amplitude 42 arc min in amblyopic eyes). However, we found that the speed of drifts is not different between amblyopic and fellow eyes, or amblyopic and control eyes (and also not different between fellow eyes and control eyes). Note that our speed of drifts (maximum $3.5 deg/ s) is higher than previously reported values when measurements were obtained in only a few well-trained observers (e.g. Stark (1979, 1980) : 0.33 deg/s; Srebro (1983) : 0.14-1.49 deg/s). Previously, Cherici et al. (2012) reported a threefold increase in drift speed for untrained observers, compared with trained observers. They also found large individual variability among their sample of 14 observers (11 of whom were untrained). Therefore, the fact that our drift speed was higher than previously reported values could be due to individual observer variability, especially since our observers were all untrained. Other possible explanations include the use of different methods to measure and define drift speed among the different studies, and the use of bite bars to stabilize head motion in previous studies. relaimpo. The relative importances of these parameters are ranked according to the lmg metric. Error bars represent ± 95% confidence intervals estimated using bootstrappings, based on 10,000 resamplings.
Factors limiting fixation stability
The second goal of this paper was to determine the primary factors limiting fixation stability in amblyopic eyes. Using a multiple linear regression model combined with the R package relaimpo to determine the relative importance of the different parameters in predicting fixation stability, we found that the error magnitude of microsaccades, visual acuity, amplitude and frequency of microsaccades are the four major limitations on fixation stability. Together, these four predictors account for 68.57% of the variance of fixation stability. The error magnitude of microsaccades represents the error between the landing position of a microsaccade and the PRL (where the microsaccade is supposed to land). Thus, a larger error magnitude means that the microsaccades are less accurate in their landing positions and takes the eye further away from the intended landing location. Consequently, a larger bivariate contour ellipse is required to describe the eye positions for the calculation of BCEA. Therefore, it is not surprising that the larger the error magnitude, the higher the fixation instability. In fact, we speculate that the reason the frequency of microsaccades is also a significant predictive factor of fixation stability is related to the error magnitude. Given that the direction of microsaccades is stochastic in nature, logically, if an observer is not precise in the landing positions following microsaccades, increasing the frequency of microsaccades would increase the imprecision, thus increasing fixation instability.
We have previously reported that for persons with macular disease, fixation stability is primarily limited by the amplitude of microsaccades (Kumar & Chung, 2014) . Here, we showed that this limitation also applies to amblyopic eyes, suggesting that the limitation may be a general finding, instead of one that is specific to persons with macular disease. Our result is also consistent with previous reports that there are more ''microsaccadic intrusions'' in amblyopic eyes than in normal controls (Ciuffreda, Kenyon, & . Scatter plots of the relationship between each ''important factor'' that can predict either fixation stability or visual acuity. These factors are: fixation stability (logtransformed BCEA values were used here), visual acuity (logMAR), error magnitude (log-transformed), amplitude of microsaccades (log-transformed), amplitude of slow drifts (log-transformed) and frequency of microsaccades. The correlation coefficients for each pair of variables are given in the lower half of the figure. All correlation coefficients are significant at the p 6 0.05 level except for the pairs between frequency of microsaccades and acuity, error magnitude, amplitude of microsaccades, and amplitude of slow drifts (correlation coefficients shown in light gray). Stark, 1980; Schor & Hallmark, 1978) . Clearly, when the amplitude of microsaccades is large, each microsaccade takes the eye further away from the starting position than a microsaccade of smaller amplitude, thus increasing the fixation instability. The other factor we identified as important in limiting fixation stability is visual acuity. As summarized in the Section 1, recent attempts to determine whether or not there exists a significant correlation between visual acuity and fixation stability in people with amblyopia yielded inconclusive results. On one hand, González et al. (2012) reported a lack of significant correlation for a group of 13 adult amblyopes (5 strabismic, 4 anisometropic and 4 mixed). On the other hand, Subramanian, Jost, and Birch (2013) found significant correlations for their amblyopia with strabismus group, and the mixed mechanism group, but not for the group with anisometropia alone. In this study, we found a significant correlation between visual acuity and fixation stability when all the amblyopic eyes were considered (r = 0.667 [95% confidence intervals: 0.391-0.833], p = 0.00011). Even if we consider only strabismic amblyopic eyes (with or without anisometropia), the correlation coefficient is still significant (r = 0.627 [0.145-0.869] , p = 0.0164). Similarly, if we consider only anisometropic amblyopic eyes, the correlation coefficient is also significant (r = 0.555 [95% confidence intervals: 0.035-0.839], p = 0.0392). Thus, it is likely that the lack of a significant correlation in the study of González et al. (2012) was a result of insufficient power to find an effect due to the small sample size.
A caveat in interpreting the significant correlation between visual acuity and fixation stability is that it is difficult to determine if acuity is the limiting factor on fixation stability, or vice versa. We shall further address this chicken and egg issue in the sections below.
Factors limiting visual acuity
The third question of this study was to determine the predictive factors for visual acuity in the amblyopic eyes. Using similar analyses as for fixation stability, we found that there are four important factors in predicting visual acuity in amblyopic eyes. These four factors are the error magnitude of microsaccades, fixation stability, amplitude of slow drifts and amplitude of microsaccades. However, together, these four factors only accounted for 52.56% of the variance of acuity. One factor that we did not consider in our study is the eccentricity of the fixation locus (PRL) of the amblyopic eyes. Given previous reports that acuity worsens with increased eccentricity of the PRL (Flom & Weymouth, 1961; Kandel, Grattan, & Bedell, 1977) , 1 we expected that when combined with the other variables in our model, we would be able to account for a higher proportion of the variance of acuity. Unfortunately, because we did not specifically measure the location of the PRL, for instance, using the Maxwell's spot, and since our SLO recordings do not allow us to identify the eccentricity of the PRL accurately, 2 we were not able to add the eccentricity of the PRL location as another predictive variable.
As explained above, because of the significant correlation between visual acuity and fixation stability, it is difficult to tease apart whether acuity is the limiting factor on fixation stability, or vice versa. Nevertheless, there are several reasons to believe that fixation stability may place some limits on acuity, instead of the other way round. First, it has been shown that random jittering of an acuity target degrades acuity even in observers with normal vision (Chung & Bedell, 1995) . This effect is minimal when the acuity stimulus is exposed for a short period of time, but is larger when the acuity target is exposed for a longer period of time (as is typically done in clinical measures). Presumably, when fixation is unsteady or when the acuity target is jittered, the image of the acuity target falls on different locations on the retina, which can result in positional uncertainty and may render it difficult for the observer to integrate sufficient information over time (and space) to form a global percept of the target. In this study, acuity was measured using the Bailey-Lovie Visual Acuity Chart (5 letters on each line) and observers were allowed unlimited amount of time to look at the letters. Therefore, an effect of random jittering of the retinal images of the letter targets due to fixation instability might be expected to affect the acuity measurement. This random jitter hypothesis is consistent with the largest contributors to acuity being error magnitude and fixation instability (BCEA). Increased error magnitude means that the microsaccades are less accurate in their landing positions and shift the eye further away from the intended fixation location, and increased BCEA reflects increased fixation instability. However, we note that Hess (1977) compared the grating acuity of two strabismic amblyopes under stabilized (using afterimages) and unstabilized conditions, and concluded that the abnormal fixational eye movements contributed little, if any, to the acuity deficit. Second, as mentioned earlier, there is published evidence that acuity correlates with the eccentricity of the PRL in amblyopic eyes (Flom & Weymouth, 1961; Kandel et al., 1977) . Fixation instability would place the acuity stimulus on different extrafoveal locations, which may be further away from the actual PRL thus further degrading acuity.
Our analysis suggests that error magnitude and the amplitude of microsaccades are also important factors limiting acuity. The effects of error magnitude and amplitude of microsaccades on acuity could be indirect, due to each of their relationships with fixation stability. To examine this possibility, we use a mediation analysis to determine whether the effects of error magnitude and amplitude of microsaccades on acuity are mediated by a ''mediator variable''-fixation stability in our case. Mediation analyses or models are statistical tools to help understand or explain the underlying relationship between an independent and a dependent variable, by including a third explanatory variable. The analyses are commonly used in social psychological research but have recently been applied to vision research (Calabrèse et al., 2014) . Interested readers should refer to Calabrèse et al. (2014) for an excellent description and explanation of the mediation analysis. Fig. 6 is a schematic depiction of the model, listing the relationship between the independent variable (error magnitude or amplitude of microsaccades), the dependent variable (acuity) and the third explanatory variable, or, the mediator variable (fixation stability). At the core of the analysis is the use of multiple linear regression to estimate the regression coefficients between the independent and the dependent variables (c in Fig. 6 ), the independent and the mediator variables (a), and the mediator and the dependent variables (b). The ratio of the indirect effect (a * b) to the total effect (c + a * b) provides an index of how much of the observed effect of the independent variable on the dependent variable is explained by the mediator (ratio of 1 means full mediation). We used the lavaan (''latent variable analysis'': Rosseel (2012)) package in R for this analysis. Before the analysis, we took the necessary steps to ensure that (1) each variable followed a normal distribution (log-trans-used slightly different retinal locations to view acuity targets of different sizes, which could account for some variability of the relationship between visual acuity and eccentricity of fixation location.
2 In our previous study (Kumar & Chung, 2014) , we were able to use the SLO images to estimate the location of the fovea based on some standard measurements between the optic nerve head and the fovea, and then calculate the eccentricity of the PRL with respect to the fovea, in a group of observers with macular disease. We are not able to adopt the same method in this study because several of the amblyopic observers showed a significant amount of torted eye positions in both eyes. Because we did not know by how much they eyes had torted, we could not estimate with certainty the location of the fovea, hence the eccentricity of the PRL.
formed when necessary); (2) there was a significant correlation between the independent and dependent variables (see Fig. 5 ); and (3) data were grand-mean centered. Applying this analysis to examine the effect of amplitude of microsaccades on acuity yielded a ratio of the indirect to the total effect of 1.062 (Tables 3a and b), implying that the effect is completely due to the effects of the amplitude of microsaccades on fixation stability and fixation stability on acuity. In other words, the amplitude of microsaccades has very little direct effect on acuity. In contrast, applying this analysis to the effect of error magnitude on acuity yielded a ratio of 0.403, implying that there are both direct effects of error magnitude on acuity, and indirect effects of error magnitude on acuity through the effect of error magnitudes on fixation stability.
Our analysis also shows that the amplitude of slow drifts, which is not important in limiting fixation stability, is an important factor limiting acuity in amblyopic eyes. Presumably, larger drift amplitudes would smear the retinal stimulus across a greater retinal area, causing a degradation in acuity. Recent work suggests that in normal vision, slow drifts counter-balance the spectral distribution in natural scenes. This ''whitening'' of natural images results in enhanced high spatial-frequency information . When eye movements are stabilized, the high spatial frequencies are no longer enhanced, thus impairing high-frequency discrimination (Rucci et al., 2007) . This theory provides strong support for the important role of normal fixational eye movements in visual information processing.
In the case of abnormal fixation behavior, such as in the presence of increased amplitude of slow drifts as we found in this study, it is unclear whether the increased image motion due to slow drifts would further enhance the high spatial-frequency information in natural scenes, or reduce the sensitivity. Moreover, normal fixational eye movements can be approximated by Brownian motion (e.g., Cornsweet, 1956; Engbert & Kliegl, 2004) , and in fact, the aforementioned theory requires that the slow drifts behave similar to Brownian motion . However, it has been shown that fixational eye movements in persons with amblyopia (at least those with strabismic amblyopia) usually exhibit a predominant direction along the horizontal direction (Subramanian, Jost, & Birch, 2013 ) and thus may not completely follow Brownian motion. As such, the theory proposed by Rucci and his colleagues linking slow drifts and functional vision may not be directly applicable to people with amblyopia. The functional consequence of slow drifts in amblyopia is no doubt an important and interesting question, a question that is currently under investigation in our laboratory.
Implications
The existence of a significant correlation between fixation stability and visual acuity is important on at least two accounts. There are indications from case studies that orthoptic treatment can result in both improved visual acuity and improved fixation stability (Selenow & Ciuffreda, 1983 . It is currently unclear whether the improved fixation results from better acuity, or vice versa. Our results suggest that acuity might benefit from more stable fixation. Indeed, biofeedback training has been attempted in the past as a method to improve fixation stability in people with amblyopia (Flom, Kirschen, & Bedell, 1980; Schor & Hallmark, 1978) . However, the training was never widely adopted as a clinical procedure to improve fixation stability, presumably because Fig. 6 . A schematic figure illustrating the mediation model. The mediation model decomposes the total effect of an independent variable (in our case, error magnitude or amplitude of microsaccades) on the dependent variable (in our case, visual acuity) into two components: the direct effect (c) and the indirect effect through a mediator (in our case, fixation stability), quantified by a * b. The total effect is then represented by c + a * b. The ratio of the indirect effect to the total effect represents the proportion of the effect explained by the mediator.
Table 3a
Results of the mediation analysis: effect of amplitude of microsaccades on visual acuity through fixation stability. a represents the effect of amplitude of microsaccades on fixation stability; b represents the effect of fixation stability on visual acuity and c represents the direct effect of amplitude of microsaccades on visual acuity. The 95% CIs are obtained by bootstrap with 10,000 resamples.
Table 3b
Results of the mediation analysis: Effect of error magnitude on visual acuity through fixation stability. a represents the effect of error magnitude on fixation stability; b represents the effect of fixation stability on visual acuity and c represents the direct effect of error magnitude on visual acuity. The 95% CIs are obtained by bootstrap with 10,000 resamples.
the training was time consuming and because at the time, it was difficult to implement at home, since it involved sophisticated eye movement monitoring devices. With the current advances in technology, it might be possible to package the hardware and software required for biofeedback training in a small device (such as a smart phone) that amblyopic patients can use at home. If such a product were to be developed, the biofeedback training method should be targeted at minimizing the landing errors of microsaccades and/or reducing the size of the microsaccades. Furthermore, it is well known that strabismic amblyopes often exhibit much poorer acuity for a row of letters, than for isolated letters (Stuart & Burian, 1962) . This ''crowding'' effect in strabismic amblyopes has been attributed in part, to poor eye movement control (Flom, 1991) . Thus it would be interesting to know whether improved fixation stability would result in improvement in reading crowded text in strabismic amblyopes. These issues are currently under investigation in our laboratories.
